In this work, we present a novel ascorbic acid (AA) sensor applied to the detection of AA in human sera and pharmaceuticals. A series of Au nanoparticles (NPs) and graphene oxide sheets (Au NP/GO) composites were successfully synthesized by reduction of gold (III) using sodium citrate. Then the Au NP/GO composites were used to construct nonenzymatic electrodes in practical AA measurement. The electrode that has the best performance presents attractive analytical features, such as a low working potential of 10.15 V, a high sensitivity of 101.86 mA mM 21 cm 22 to AA, a low detection limit of 100 nM, good reproducibility and excellent selectivity. And more,it was also employed to accurately and practically detect AA in human serum and clinical vitamin C tablet with the existence of some food additive. The enhanced AA electrochemical properties of the Au NP/GO modified electrode in our work can be attributed to the improvement of electroactive surface area of Au NPs and the synergistic effect from the combination of Au NPs and GO sheets. This work shows that the Au NP/GO/GCEs hold the prospect for sensitive and selective determination of AA in practical clinical application.
A scorbic acid (AA), commonly called vitamin C, is one of the most important nutrients and effective antioxidant in protecting human from oxidative stress [1] [2] [3] . Today, AA is widely used in biomedical chemistry, diagnostics and the identification of food ingredients. The concentration of AA is usually kept in a low level, so accurate detection of AA content is of great importance to guarantee health conditions and food security 4, 5 . However, some other accompanied electroactive compounds of similar electrochemical properties with AA, such as dopamine (DA) and uric acid (UA) glucose, and other oxidizable species, complicate their electrochemical identification, especially in biological environment 6, 7 . Hence, the clear separation of the electrochemical signals of AA from these compounds is still a great challenge.
In the past few decades, electrochemical techniques have been used to detect small biomolecules owing to their high sensitivity, rapid response, flexibility, and low expense 8, 9 . In an electrochemical system, the AA voltammetric peak can be separated from that of interfering species using functional material modified electrodes 10, 11 . Compounding two different reasonable selected materials is an effective way to further improve the electrochemical properties [12] [13] [14] . Specifically, GO sheets have been considered as a suitable substrate for assembling nanomaterials because of their large surface area, excellent thermal and mechanical properties and chemical modification capability. In addition, they exhibit specific properties such as hydrophilicity, multiple oxygen moieties, and controllable electronic properties [15] [16] [17] [18] . Meanwhile, in recent years, Au NPs have been widely investigated and applied to molecular catalysis, biosensors, and mutifunctional reagents due to their quantum size effect [19] [20] [21] . Therefore, there is a potential development of a non-enzymatic electrochemical biosensor for AA involving the complementary use of GO sheets and Au NPs. For example, Tian et al. used a Au NP-b-cyclodextrin-graphene modified electrode to detect AA, DA and UA 22 . The detection limit for AA (based on S/N 5 3) is 10 mM and the linear response range is 30-2000 mM. Zhang et al. used a facile one-step method to fabricate nanoflower-like dendritic Au NPs and polyaniline composite nanosheets and applied them on glass carbon electrode as an AA sensor 14 . A linear relation between the current response and the AA concentration was obtained between 10 mM and 12 mM, with a detection limit of 8.3 mM (S/N 5 3) and the sensitivity of 25.69 mA mM 21 cm 22 . However, there have been very few reports on the detection of AA in real-life human sera or pharmaceuticals to demonstrate the practical applications of AA biosensors. In this work, we have chemically reduced Au(III) using sodium citrate to form Au NPs of approximately 13-16 nm average diameter on GO sheets 23 . These Au NP/GO composite nanomaterials were then immobilized on the glass carbon electrodes (GCE) for AA detection. These modified electrodes were used to monitor AA concentration in real-life human sera and pharmaceuticals.
Results and Discussion
Characterization of the Au NP/GO composites. The morphology of the GO sheets used in this work was first examined by transmission electron microscope (TEM) technique, and the results are shown in Fig. 1a . The GO sheets exhibit flake-like shape and is few-layer flexible wrinkled. The smooth and planar surface indicates that GO sheets can provide a high surface to volume ratio and a 2D structure, which is necessary for loading Au NPs. Then the GO sheets were surface loaded with different amount of Au NPs (Fig. 1b-1e ). As can be seen, the loaded Au demonstrates regular small NP morphology and can grow on the GO sheet independently. The size histograms of Au NPs in each sample were carefully measured and shown in Fig. S2 . The size distribution of Au NPs shows a slightly growing trend from S 1 to S 4 and the average size of S 1 , S 2 , S 3 and S 4 are determined to be 13.3, 14.2, 15.3 and 16.0 nm, respectively. Besides, as the amount of initial HAuCl 4 gradually increased, the amount of Au NPs loaded on the GO sheets also increased. Note that when the amount of initial HAuCl 4 reached 20 mg, the Au NPs loaded on the GO sheet tended to aggregate together (Fig. 1e) . Fig. 1f shows the high resolution TEM (HRTEM) image, in which the interplanar distances can be clearly seen. The as marked interplanar distances are 0.235 nm and 0.202 nm, corresponding to the (111) and (200) face of facecentered cubic Au, respectively. The inset of Fig. 1f is the selected area electron diffraction (SAED) pattern of Au NP/GO composites (S 3 ). The diffraction patterns irregularly distribute and the diffraction rings can be observed, which indicates this sample yields a polycrystalline structure 24 . The conditions of the other samples are the same.
The Energy-dispersive X-ray spectra (EDX) were measured to characterize the elemental heterogeneity of Au NP/GO composites (S 1 , S 2 , S 3 and S 4 ), as shown in Fig. S1 (see in supporting information). The representation of Au, C and O elements further indicates the existence of GO and Au. The strong Cu and Si peaks are attributed to the substrates. The crystal structure of Au NP/GO composites (S 1 , S 2 , S 3 and S 4 ) was characterized by X-ray diffraction (XRD) patterns, and the results obtained are shown in Fig. 2a . All the four Au NP/GO composites show similar XRD peaks, which well match to the face-centered cubic crystalline Au (JCPDS 04-0784) and no any trace of other phases is detected. This indicate that the increasing concentration of HAuCl 4 bring no influence to the crystal structure. Since the GO powder does not have a crystal structure, no obvious characteristic peak of GO can be distinguished.
The Raman spectra of Au NP/GO composites compared with pure GO are shown in Fig. 2b . In the studied range, all the samples have two similar characteristic Raman peaks, which belong to the D and G arising from sp 3 -hybridized carbon were observed 25 . The tangential stretch G band represents the E 2g zone center mode of the crystalline graphite. Generally, the relative intensity ratio of the D and G bands (I D /I G ) depends strongly on the degree of disorder in the graphitic material 26 . Generally, the I D /I G ratio increases when more defects are brought into GO. According to Fig. 2b , the I D /I G ratios of the four Au NP/GO composites are calculated to be 0.80, 0.82, 0.81 and 0.82, respectively, which are a little higher than that of pure GO sheet (0.77). This shows that the loading amount of Au NPs has only a little influence on the I D /I G ratio, implying that the nucleation of Au NPs at GO surfaces introduces very few defects into the GO structure.
To further confirm the concentration of Au and GO in each composite sample, thermogravimetric analysis (TGA) curves were investigated. As shown in Fig. 2c , the mass loss below 200uC (25.7%, 19.8%, 16.2% and 8.2% for S 1 , S 2 , S 3 , and S 4 , respectively) can be attributed to the evaporation of adsorbed water. The slight mass loss between 200uC and 400uC (12.4%, 10.3%, 6.0% and 4.4% for S 1 , S 2 , S 3 , and S 4 , respectively) arose from the decomposition of some residual oxygen-containing groups 27 . Then the finial significant mass loss occurred when the Au NP/GO composites were heated above 400uC (38.6%, 30.8%, 20.5 and 12.9% for S 1 , S 2 , S 3 , and S 4 , respectively). This was most likely caused by the decomposition of carbon skeleton from GO 27 . Accordingly, the mass percentage of Au in S 1 , S 2 , S 3 and S 4 are calculated to be 24.0%, 39.0%, 57.4% and 75.5%, respectively, which also implies the successful loading of Au NPs on GO sheets.
Enhanced electrochemistry behavior of Au NP/GO/GCEs toward AA detection. To determine the working condition of effective detecting AA, the Au/GO/GCEs were first characterized by cyclic voltammetry (CVs) between the potentials of 20.4 and 10.6 V in 0.1 M phosphate-buffered solution (PBS) at a scan rate of 100 mV/s. First the CVs in the absence (shown in black trace) and presence (shown in green trace) of 1 mM AA of different electrodes were measured and shown in Fig. 3a. To compare, the CV curves at a bare electrode and a GO/GCE was conducted and the results obtained are shown in Fig. S3 (supporting information) . As can be observed, the position of oxidation peak of AA for bare electrode is about 10.3 V, corresponding to the irreversible oxidation of AA (see Fig. S3a ). After surface modified by pure GO sheets (Fig. S3b) , no clear response current change can be found after addition of AA. The reason can be summarized as the electrical conductivity of GO is not as good as that of graphene and other metal materials which contain much free electrons. However, after loading Au NPs on GO sheets (take S 3 for example, Fig. 3a) , a broad and clear oxidation peak with a peak potential of about 10.15 V was observed again after the addition of 1 mM AA and the potential value was one time lower than that of bare GCE. The appearance and shift of the oxidation peak in Au NP/GO/GCE can be attributed to the synergistic effects between Au NPs and GO sheets. Since the interfering substances like UA, DA, and NADH are always coexisted with AA and the oxidation peak position of them are usually around 10.2 V to 10.5 V 6,22,28 . The decrease of the peak position of Au/GO/GCE (from 10.3 V to 10.15 V) is important for avoiding the influence. Particularly, the oxidation peak might correspond to the oxidation reaction of AA occurring on the electrode surface. The electro-oxidation mechanism of AA is illustrated in Fig. 3c . The AA molecules in the solution were adsorbed onto the surface of Au NP/GO/GCE. Then the AA molecules hydrolyzed with water were oxidized to dehydroascorbic acid 29 . The oxidation process of AA can release electrons and the current can be detected at a constant working voltage.
In addition, the Au NP/GO/GCEs based on different samples (S 1 , S 2 , S 3 , and S 4 ) were further investigated and compared, which can give more information about the difference of the electron transfer kinetics on the electrode surface. As shown in Fig. 3b , all the Au/GO/ GCEs appear similar broad reduction peak round 10.15 V. With increasing of loading amount of Au NPs, the corresponding peak currents of the Au NP/GO/GCEs also show a rising trend at first and reach the maximum value at Au NP/GO/GCE based on S 3 . After that, when further increasing the loading amount of Au NPs (S 4 ) the peak current shows a decreased trend, the reason can be ascribed to the aggregation of Au NPs on GO sheets as shown in Fig. 1d , which may cause the decline of surface area. The peak current values of Au NP/ GO/GCEs based on S 1 , S 2 , S 3 and S 4 samples were measured to be 2.4, 3.6, 5.5 and 4.2 mA, respectively. That is to say, Au/GO/GCE based on S 3 exhibits the best performance for AA detection, which can be attributed to the enough loading amount and well dispersion of Au NPs on GO sheets.
The electrochemical controlled process is further studied through the CVs of 0.1 M PBS solution at a S 3 Au NP/GO/GCE at different scan rates after injection of 1 mM AA, as depicted in Fig. S4 . The redox peak currents increase linearly with the scan rate in the range of 50-250 mV/s, indicating a surface-controlled electrochemical process 30 .
Amperometric detection of AA of Au NP/GO/GCEs. To determine the amperometric sensing application of Au/GO/GCEs, currenttime (I-t) curves were performed at 10.15 V (vs. Ag/AgCl) in 0.1 M PBS solution. Fig. 4a shows the typical amperometric responses of S 1 , S 2 , S 3 and S 4 by successive addition of certain amount of AA. Well-defined, stable and fast amperometric response could be observed. Similar with the CVs behavior, the Au NP/GO/GCE based on S 3 shows the best sensitive response with the change of AA concentration. The calibration curves corresponding to four Au/GO/GCEs are shown in Fig. 4b , and all these electrodes display good linearity. According to the calibration curves, the sensitivity,linearity range and response time of each electrodes were calculated and listed in Table 1 . The linear regression equations were carefully calculated and shown in Table 2 . As is listed, with the increasing amount of loaded Au NPs on GO sheets (from S 1 to S 3 ), the corresponding sensitivity gradually increases and the detection limit gradually reduces. The Au NP/GO/GCE based on S 4 tend to decrease on sensitivity since the Au NPs on the GO sheets started to aggregate together. The response times of Au/GO/GCEs based on S 1 , S 2 , S 3 and S 4 are determined after injected in 100 mM AA, respectively. As can be clearly seen in Table 1 , the increasing amount of Au NPs can significantly improve the response speed. Fig. 4c shows the obvious amperometric response of Au NP/GO/ GCE based on S 3 after the addition of 100 nM AA with a signal-tonoise ratio (S/N) of ,3 in order to obtain the accurate detection limit. This result is much lower than the previously reported graphenebased electrochemical sensors and electrical sensors assisted by enzymes as listed in Table 3 . Besides, as compared, the Au NP/ GO/GCE based on S 3 in this work also shows high sensitivity, low detection limit and large liner range. According to the sensitivity improvement, two factors need to be considered: On the one hand, the amount of Au NPs influences dominantly on the performance when they are gradually increased. The reason can be attributed to the good electrical conductivity and large surface area introduced by Au NPs. The Au NPs on S 4 tend to aggregate together so the surface area decreases and the sensitivity is negatively influenced. On the other hand, the GO sheets can provide a large area for the Au NPs loading, so they can grow independently without aggregating in a certain amount range. So the GO sheets also make a great contribution to the improvement of the sensitivity. Moreover, the practical AA sensing ability of Au NP/GO/GCE based on S 3 was further investigated in real human serum with Au NP/GO/GCE based on S 3 and in clinical vitamin C tablet. As shown in Fig. 4d , the I-t curve corresponds to human serum was obtained by adding human serum contained 100 mM AA, and the I-t curve corresponds to vitamin C tablet was gotten by addition of aqueous solution of vitamin C tablet which contained 100 mM AA. As can be seen, the amperometric response of the vitamin C tablet is slightly lower than that in human serum. It may caused by the food additives in vitamin C tablet which may attach on and then fouling the electrode surface. The inset of Fig. 4d shows the calibration curves and both of them display good linearity in the range of 0.1-0.6 mM. The sensitivities of the Au NP/GO/GCE based on S 3 are calculated to be 108.82 mAmM 21 cm 22 and 89.76 mAmM 21 cm 22 corresponding to the human serum and vitamin C tablet environments. The error ranges are 106.87% and 88.12% for the human serum and vitamin C tablet environments after calculated.
Reproducibility, stability, anti-interference property of the Au NP/GO/GCEs. The reproducibility, stability and anti-interference property of Au NP/GO/GCE based on S 3 were further evaluated. For reproducibility, five same Au NP/GO/GCEs based on S 3 were investigated at 10.15 V to compare their amperometric current responses. The relative standard deviation (R.S.D.) was 8.4%, confirming that the preparation method was highly reproducible. The stability of Au NP/GO/GCE based on S 3 was tested once per week in 0.1 M PBS solution at a scan rate of 100 mV/s and lasted for a month (data not shown). The sensitivity decrease of the electrode was no more than 10%, indicating a good stability of Au NP/GO/ GCE. Since there are many interfering substances coexist with AA in the reported normal physiological concentration, the selectivity will be a big restrictive factor for the measurement [34] [35] [36] [37] . Here, antiinterference property were carried out by successive injection of 100 mM AA, UA, NADH, glucose and 10 mM DA depending on the normal physiological concentration, which are the most common coexistence material of AA. The normal physiological concentration for DA is about 100 nM 34 , which is 100 times lower than the concentration we injected. The CV curves obtained by detecting UA, DA and NADH independently or simultaneously were first shown in Fig. S5 in supporting information. As seen in Fig. S5a , the oxidation peak positions of UA, DA, and NADH are 10.3 V, 10.4 V, and 10.55 V, respectively, which are much higher than that of AA (10.15 V). When the 1 mM UA, 0.1 mM DA, and 1 mM NADH coexist with 1 mM AA, the CV curve shows an obvious oxidation peak at 10.15 V, corresponding to oxide peak of AA. This indicates that the other interfering substances have a little influence on that of AA. In order to further prove the fact, amperometric response of S 3 modified electrode at 10.15 V with successive additions of different analytes are shown in Fig. 5 , and the current responses of interfering species are also calculated accurately. Compared to AA, the current responses of interfering species are determined to be 4.7% (100 mM UA), 3.5% (100 mM NADH) and 8.2% (10 mM DA) at 10.15 V. It can be concluded that similar amount of these interfering substances can be neglected. The excellent sensitivity indicates the potential practical application of the as-prepared AA sensor.
Conclusions
In conclusion, we have successfully synthesized a series of Au NP/GO composites. The loading amount of Au NPs on GO sheets control of Au NP/GO composite has been investigated and the as-prepared samples are used to detect AA. The optimal sample of these Au NP/GO composites sheets is S 3 which presents high sensitivity and low detection limit compared to the other samples. The sensor also shows good reproducibility, excellent selectivity and accurate measurement in real serum sample and vitamin C tablet. The reason can be attributed to the improvement of electroactive surface area of Au NPs on GO sheets and the synergistic effect from the combination of Au NPs and GO. It is anticipated that the Au NP/GO composite material holds great potential for developing novel AA sensors.
Methods
Materials. All chemicals used were analytical grade and without further purification. GO sheets were purchased from Nanjing XFNANO Materials Tech Co., Ltd. KH 2 PO 4 (99.5%), KCl (99%), Na 2 HPO 4 (99%), NaCl (99.5%) and sodium citrate Preparation of Au NP/GO composite. To synthesize Au NP/GO composites, 4 mg GO was dispersed in 50 mL deionized water under magnetic stirring at room temperature for 1 h, before 5, 10, 15 and 20 mg HAuCl 4 was added, respectively. These corresponding composite suspensions were then labeled as S 1 , S 2 , S 3 and S 4 . The composite suspensions were left for 30 min to promote the interaction of gold ions with the graphene surface. Next, 5 mL sodium citrate solution (with a sodium citrate to deionized water mass ratio of 0.02) was added under magnetic stirring for 30 min. Then the solution was heated to 80uC and kept for 1 h. Finally, the nanocomposites were obtained by washing the corresponding solution for 3 times with distilled water and by centrifugating (7000 rpm) to remove the free Au NPs formed in solution. The final Au NP/GO modified composites were collected after placed in a 60uC oven for 12 h. Moreover, the Au NP/GO was synthesized in 100uC for comparison and examined by TEM technique shown in Fig. S6 .
Preparation of Au NP/GO modified electrodes. Before surface modification, a GCE (dia. 3 mm) was polished with 1 mm and 0.05 mm alumina slurries sequentially, and was rinsed with deionized water. Finally, the electrode was sonicated in nitric acid (0.2 M), acetone, ethanol, and deionized water, respectively. Then the GCE was placed in 0.5 M H 2 SO 4 and 100 cyclic voltammetry scans were conducted between 21.0 and 11.0 V to introduce some active functional groups (e.g. hydroxy and carboxyl) on the electrode surface 22 . This GCE was then washed and dried at room temperature and was ready for modification. In the solution used for electrode modification, a mixture of 5 mg Au NP/GO and 1 mL ethanol was sonicated for 1 h. Then 5 mL different suspensions were applied to the GCE, respectively. After that, 5 mL of 0.2 wt% chitosan solution was applied to the electrode surface to immobilize the Au NP/GO. The as-prepared electrodes (denote as Au NP/GO/GCE) were airdried at room temperature before usage. 
